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CnncoK jiHTepaTypbi [18 



IlojiyHeHO penieHHe nonynpocTpaHCTBeHHOH BTopoii 3a,n,aHH CTOKca /ijih o/tho- 
aTOMHoro ra3a c 3epKajibHO - flH(p(py3HbiMH rpaHHHHbiMH ycjioBHHMH. BTopaa 3a- 
flana CTOKca - sa^ana o noBe,n,eHHH pa3pe>KeHHoro ra3a, 3anoiiHflioiii,ero nojiynpo- 
CTpaHCTBO. IljiocKOCTb, orpaHHHHBaioiiiaH nojiynpocTpaHCTBO, coBepniaeT rapMOHH- 
necKHe KOJie6aHHH b CBoeli njiocKOCTH. Hcnojib3yeTCH KHHeTHnecKoe ypaBHeHHe c mo- 
flejibHbiM HHTerpajioM CTOJiKHOBeHHH b (popMe r-Mo^ejiH. IlocTpoeHa cpyHKHHH pac- 
npeflejieHHH ra30Bbix MOJieKyji h Haft^eHa MaccoBaa CKopocTb ra3a b nojiynpocTpaH- 
CTBe. MeTO/; no3BOJiaeT nonyuHTb penieHHe c npoH3BOJibHOH CTeneHbio tohhocth. 
B ocHOBe MeTOfla jiejKHT H^ea npeflCTaBjieHHH rpaHHHHoro ycjioBHH Ha cpyHKHHio 
pacnpeflejieHHH b BH,n,e HCTOHHHKa b KHHeTHnecKOM ypaBHeHHH . PenieHHe nojiyueHO 
b BH^e pa^a HeliMaHa. 

KAwneeue CAoea: BTopaa sa/^ana CTOKca, 3epKajibHO - /ni(p(by3Hbie rpaHHHHbie 
ycjiOBHH, pa^bi HeftMaHa, cbyHKinia pacnpe^ejieHna, CKopocTb ra3a. 

Key words: the second Stokes problem, reflection - diffusion boundary conditions, 
the Neumann series, velocity of gas, distribution function. 

PACS numbers: 51. Physics of gases, 51.10.+y Kinetic and transport theory of 
gases. 



1 BBe^eHHe 

Sa^ana o noBefleraiH ra3a Hafl flBH^ymeftca noBepxHOCTbio b nocjie^HHe 
ro^bi npHBjieKaeT npncTajibHoe BHHMaHne [I] [TB]. 3to CBSBaHO c pa3BHTH- 
eM coBpeMeHHbix TexHOJioriiH, b nacTHOCTH, TexHOJiorHH HaHopa3MepoB. B [2] 
[TB] 3Ta sa^ana peniajiacb hhcjighhbimh hjih npn6jiH>KeHHbiMH MeTOflaMH. 

BnepBbie sa^ana o nc-BefleHHH ra3a Ha^ CTeHKoii, KOJie6jnoro;eHCH b CBoeft 
njiocKOCTH, 6bijia paccMOTpeHa flw:. T. Ctokcom pQ. Sa^ana peniajiacb thr- 
poflHHaMHHecKHM MeTO^OM 6e3 yneTa scpcpeicra CKOJib^KeHHsi. 06biHHO Taxyio 
sa^any Ha3biBaiOT BTopoft saflaneii CTOKca £2]-|2] 

B nocjieflHiie ro^bi Ha Tetviy stoh sa^aHH iiohbhjich psifl ny 6jiHKaHHH . B pa- 
6oTe [2] sa^ana paccMaTpHBaeTca fljra jnoGbix nacTOT KOJie6aHii5i noBepxHO- 
cth. H3 KHHeTHnecKoro ypaBHeHHH BrK nojiyneHO ypaBHeHHe Tnna rnflpoflH- 
HaMHHecKoro. PacciviaTpHBaiOTCH rHflpoflHHaMHnecKHe rpaHHHHbie ycjiOBHa. 
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BBOflHTCH KOSCpCpHUHeHT, CB5I3bIBaiOIHHH CKOpOCTb ra3a Ha nOBepXHOCTH CO 
CKOpOCTbK) nOBepXHOCTH. IIOKa3aHO, HTO B CJiy^ae BblCOKOHaCTOTHblX KOJie- 

6aHHH CHjia TpeHHH, fleftcTByiomasi na noBepxHOCTb, He 3aBHCHT ot nacTOTbi. 
B pa6oTe P2] nojiyneHbi K03(p(pHHHeHTbi B5i3KOCTHoro h TenjiOBoro CKOJib- 

>KeHH5I C HCnOJIb30BaHHeM pa3JIHHHbIX MOflejIbHblX ypaBHeHHH. Hcnojib30Ba- 

Hbi KaK MaKCBejuiOBCKHe rpaHHHHbie ycjiOBH5i, Tax h rpaHHHHbie ycjiOBHa 
HepHHHbHHH — JlsMnnc. 

B CTaTbe [H] paccMaTpHBaeTCH ra30Bbin noTOK Ha/i 6ecKOHeHHoii njiacTH- 
hoh, coBepniaioiHeH rapMOHnnecKHe KOJie6aHH5i b co6ctbghhoh hjiockocth. 
Han^eHa CKopocTb ra3a Hafl noBepxHOCTbio h cnjia, /reHCTByiomasi Ha no- 
BepxHOCTb co ctopohm ra3a. fljra cjiynaa hh3khx nacTOT sa/rana penieHa Ha 
ocHOBe ypaBHeHHH HaBbe — CTOKca. fljia npoH3BOJibHbix CKopocTeii KOJie- 
6aHHii nOBepXHOCTH sa^ana penieHa HHCJieHHbiMH MeTO^aMH Ha ochobc kh- 
HCTHHecKoro ypaBHeHHH BojibinviaHa c HHTerpajiOM ctojikhobchhh b (popMe 
BrK (BxaTHarap, Tpocc, Kpyit). 

Pa6oTa [12] HBji5ieTCH SKcnepHMeHrajibHbiM HCCJie^OBaHHeM. H3ynaeTC5i 
noTOK ra3a, cos^aBaeMbiH MexaHHHecKHM pe30HaTopoM npn pa3JiHHHbix na- 
CTOTax KOJie6aHH5i pe30HaTopa. 3KcnepHMeHTbi noKa3biBaioT, hto npn hh3- 
khx nacTOTax KOJie6aHHft pe30HaTopa, ^encTByiomasi Ha Hero co ctopohm 
ra3a cnjia Tpemisi npsiMO nponopnHOHajibHa nacTOTe KOJie6aHH5i pe30HaTO- 
pa. IlpH BbicoKHx nacTOTax KOJie6aHH5i pe30HaTopa ( 10 8 Th,) fleftcTByiomasi 
Ha Hero cnjia TpeHHH ot nacTOTbi KOJie6aHHH He 3aBHCHT. 

B nocjie^Hee BpeMH sa^ana o KOJie6aHH5rx njiocKoft nOBepXHOCTH b co6- 

CTBeHHOH njIOCKOCTH H3yHaeTC5I H flJIfl CJiyHaH HeHblOTOHOBCKHX JKHflKOCTeft 

B CTaTbe P3] paccMaTpHBaeTCH npHMep npaKTHnecKoro npHMeHeHHH ko- 
jie6aTejibHOH cncTeivibi, no^oGHOH pacciviaTpHBaeMOH bo BTopofi sa^ane Ctok- 
ca, b o6jiacTH HaHOTexHOJiorHH. 

B flHccepTanriH (TH] 6bijiH npe^jioiKeHbi ^Ba penieHH^ BTopoft saflann Ctok- 
ca, yHHTbmaiomHe Becb B03MO>KHbiH ^nanasoH K03(pcpHHHeHTa aKKOMO^aHHH 
TaHreHH,HajibHoro HMnyjibca. 3th penieHHH OTBenaiOT cooTBeTCTBeHHO rH,a;- 
poflHHaMHnecKOMy h KHHeTHHecKOMy onncaHHio noBefleHHH ra3a Hafl KOJie6- 
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jHomeftcsi noBepxHOCTbio b pe>KHMe co cko jib>KeHiieM . 

B HaniHx pa6oTax |T7] h [TB] fljra BTopoft sa^aHH CTOKca OTbicKHBaK)TC5i 

C06cTBGHHbIG (pyHKD,HH II COOTBeTCTByiOIHHe C06cTBeHHbIG 3HaHeHH5I, OTBe- 

Haiomiie KaK ^HCKpeTHOMy, Tax h HenpepbiBHOMy cneKTpaM. HccjieflOBaHa 
CTpyKTypa fliiCKpeTHoro h HenpepbiBHoro cneKTpoB. Pa3BiiBaeTC5i iviaTeivia- 
THHecKHH annapaT, HeoSxoflHMbift fljra aiiajiiiTiiHecKoro penieHHH sa^aHH h 
npnjio>KeHiiH. 

B HacTOHineft pa6oTe ctpoiitch aHajiHTHHecicoe penieHiie BTopoft saflann 
CTOKca. Ha ocHOBe aHajiHTHHecitoro penieHHH BbiHHCJi5ieTC5i CKopocTb ra3a b 
nojiynpocTpaHCTBe h HenocpeflCTBeHHO y KOJie6jnoiHeiiC5i rpaHHHbi, HaiifleHa 
CHJia TpeHira, fleiicTByiomasi co CTopoHbi ra3a Ha KOJieGjiiomyiocfl njiacTiiHy 
a TaK>Ke Haxoflirrcsi flHCCHnauira SHepriiii njiaerHHbi. 



1. JlHHeapH30BaHHoe KHHeimecKoe ypaBHeHHe ,zj,Jia 3a,zi,aHH o 

KOJie6aHHax ra3a 

Sa^ana o KOJie6aHii5ix ra3a peniaeTC5i b jiiiHeapii30BaHHoii nocTaHOBKe. Jlime- 
apH3an,H5i salami npoBe^eiia npn ycjiOBHH, hto CKopocTb ra3a MHoro MeHbine 
TenjiOBon: \u y (ti,xi)\ <C vt, r^e vt = ~ TenjiOBaa CKopocTb MOJiexyji 

(/3 = m/(2kT)) 7 invieiomasi nopsiflOK ckopocth 3ByKa. EtycTb pa3pe>KeHHbiH 
OflHoaTOMHbift ra3 3aHHMaeT nojiynpocTpaHCTBO x > Hafl iijiockoh TBepfloii 
noBepxHOCTbio, jie^Kameft b njiocKOCTii x = 0. IIoBepxHOCTb (?/, z) coBepnia- 
eT rapMOHHHecKiie KOJie6aHii5i B^ojib ocii y no 3aKOHy u s (t) = uoe~ lujt . Tpe- 
6yeTCH nocTpoiiTb (pyHKiniio pacnpeflejiemra ra30Bbix MOJiexyji /(£,£, v) ii 
HaiiTii CKopocTb ra3a u y (t, x). <DyHKii,ii5i pacnpeflejiemisi iimeTC5i b Bii^e / = 
/o(l + r^e /o ~ aGcojiiOTHbiii MaKCBejuiiiaH, fo = n(/3/7r) 3 / 2 exp(— (5v 2 ). 
PaccMOTpHM jiiiHeapii30BaHHoe KiiHeTimecKoe ypaBHeHHe 



2 IlocTaHOBKa 3a,z];aHH 



dp dp 

"TTJ" + v xTT~ + V<P[t, X, V 




kT 
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r,n;e u y (t, x) - CKopocTb ra3a, 

u y {t,x) = ^J v y f(t,x,v)d 3 v, 

3ppcb v = 1/r - nacTOTa CTOJiKHOBemiH ra30Bbix MOJieKyji, r - Bpeivia Me>K- 
py flByMH nocjieflOBaTejibHbiMH ctojikhobghhsimii MOJieKyji, m - Macca mo- 
jieKyjibi, k - nocTOHHHaH BojibiiMaiia, T - TeivinepaTypa ra3a, n - nncjiOBasi 
njiOTHOCTb (KOHnenrpanim) ra3a. KoHneHTpanna ra3a h ero TeivinepaTypa 
CHHTaiOTCH nocTOHHHbiMH b jiHHeapii30BaHHoii nocTaHOBKe sa^ann. 

BBe^eM 6e3pa3MepHbie ckopocth h napaivieTpbi: 6e3pa3MepHyio CKopocTb 
MOJieKyji: C = y/]3v (P = m/(2kT)), 6e3pa3MepHyio MaccoByio CKopocTb 
U y (t,x) = y/]3uy(t,x), 6e3pa3MepHoe Bpeivm t\ = vt h 6e3pa3MepHyio cko- 
pocTb KOJie6aHHH njiacraHbi U s (t) = U§er lujt , r^e Uq = vT^o ~ 6e3pa3- 
MepHaa aivinjiHTyfla ckopocth KOJie6aHnn rpaHnnbi nojiynpocTpaHCTBa. To- 
iyja ypaBHemie (1.1) MO>KeT 6biTb 3anncaH0 b Bn^e: 

Wi + Cx ^xh + ^ th Xh c) = 2CyU ^ (1 - 2) 

rfle 

U y {t h an) = -L y exp(-C 2 )C^(ti, m, C)c? 3 C. (1.3) 

3aivieTHM, hto fljia 6e3pa3MepHoro BpeivieHn U s (ti) = Uoe~ iUJltl . 

C noMom,bio (1.3) KHHeTnnecKoe jiiiHeapH30BaHHoe ypaBHemie (1.2) 3ann- 
GbiBaeTca b BH^e: 

|^ + a^ + ^(^i^i,C) = ^ J eM-C' 2 )C' y ip(t h x h C')d 3 C. (1.4) 
CcpopMynnpyeivi sepKajibHO-flncpcpysHbie rpaHnnHbie ycjiOBna, 3anncaH- 

Hbie OTHOCHTejIbHO (pyHKUHH c/?(£i, £1, C): 

0, C) = 2qC y U s (t 1 ) + (1 - q)tp{t u 0, -C a , C tf , C*) , C x > 0, (1.5) 

H 

ip(t 1 ,x 1 +00, C) = 0. (1.6) 

HTaK, rpaHHHHaa sa^ana o KOJie6aHH5ix ra3a ccpopMynnpoBaHa nojiHO 
CTbio 11 coctoiit b peineHnn ypaBHemia (1.4) c rpaHiiHHbiMii ycjiOBusnvra (1.5) 
h (1.6). 



2. ^],eKOMno3Hi],Ha rpaHHHHoft 3a/i,aHH 

YHHTbiBaH, hto K0Jie6aHHH njiacTHHbi paccMaTpHBaiOTCH BflOJib och y 7 6y- 
fleM HCKaTb, cjiepyn MepHHHb^HH [20], cpyHKi^iiio C) b Bii^e 

<p(t 1 ,x 1 ,C) = C y H(t 1 ,x 1 ,C x ). (2.1) 
Tor^a 6e3pa3MepHa^ CKopocTb ra3a (1.3) c noMom,bio (2.1) paBHa 

oo 

U y (h, Xl ) = ^= J exp(-C' x 2 )H(t u x h C' x )dC' x . (2.2) 



-oo 



C noMombio yKa3aHHoft Bbinie noflCTaHOBKii (2.1) KHHeTiinecKoe ypaBHe- 
Hue (1.4) npeo6pa3yeTC5i k BHfly: 



oo 

dH 



1 - + C x -- + H(t 1 ,x 1 ,C x ) = ^ / expi-C'^Hitux^C'JdC',. (2.3) 

Oti OXi y7T J 

— oo 

TpaHHHHbie ycjiOBHH (1.5) h (1.6) npeo6pa3yiOTC5i b cjieflyromiie: 

H(t h 0, C x ) = 2qU s (t 1 ) + (1 - q)H(t h 0, -C x ) : C x > 0, (2.4) 

H(t h xi +oo,CJ = 0. (2.5) 
CjieflyiomHM niaroM BbiflejiHM BpeivieHHyio nepeMeHHyio, nojio>KHB ^ajiee: 

H(t 1 ,x h C x ) = e- i ^h(x h C x ). (2.6) 

Tenepb mm nojiynaeM ypaBHeHHe OTHOCHTejibHO cpyHKi^iiii h(xi,C x ): 



dh If 

C x — + z h( Xl , C x ) = ^ / exp(-C' x 2 )h(x h C' x )dC' x , (2.7) 



— oo 

r^e 

= 1 — ^CJi. 

rpaHHHHbie ycjiOBHH (2.4) h (2.5) nepexofl^T b cjieflyiomiie: 
h(0, C x ) = 2qU + (1 - q)h(0 : -C x ), C x > 0, 
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H 

h{xi +oc,C x ) = 0. (2.9) 
Tor^a 6e3pa3MepHa5i MaccoBaa CKopocTb paBHa: 

t/ y (t 1 ,x 1 ) = e-^ 1 t/(x 1 ), 



rfle 



= ^ y exp(-Ci 2 )/.(x 1 ,Ci)dCi. (2.10) 



-00 



Mbi nojiy^HjiH rpaHHHHyio sa^a^iy, cocTOHinyio b penieHHH ypaBCHHira 
(2.7) c rpaHHHHbiMH ycjiOBHHMH (2.8) 11 (2.9). flajiee 6e3pa3MepHyio Koop- 
flHHaTy x\ CHOBa 6yn,eM o6o3HaHaTb nepe3 x. llpoflOJiJKiiM cpyHKiiTiio h(x, fi) 
Ha "oTpHuaTejibHoe" nojiynpocTpaHCTBO, nojiaraa 

h{x, fi) = h(— x, — /i), fi>0. 

CcpopMyjiiipyeM 3epKajibH0 - fliicpcpysHbie rpamiHHbie ycjiOBH5i fljra (pyHK- 
11,1111 pacnpe^ejieHiisi cooTBeTCTBeHHO ^jih "nojio>KHTejibHoro" (x > 0) h fljra 
"oTpHii,aTejibHoro" (x < 0) nojiynpocTpaHCTB: 

/i(+0, = 2g/7o + (1 - g)/i(+0, -//) = 2g/7 + (1 - g)/i(-0, /x > 0, 

(2.11) 

h(-0, 11) = 2gt/ + (1 - q)h(-0, -fi) = 2qU + (1 - q)h(+0, //), /i < 0. 

(2.12) 

Mbi nojiyHiijiii flBe rpamiHHbie sa^a^ii: OflHa sa^ana oniicbiBaeTC5i ypaB- 
HemieM (2.7) c rpaHiiHHbiMii ycjiOBHHMH (2.9) 11 (2.11), BTopan onHCbiBaerca 
ypaBHGHiiGM (2.7) c rpaHiiHHbiMii ycjiOBHHMH (2.9) h (2.12). llepBaH aa^a- 
na onpe^ejieHa b nojiynpocTpaHCTBe x > 0, BTopan - b nojiynpocTpaHCTBe 
x < 0. 3th flBe sa^aHH ccpopMyjrapyeM b Bii^e CflHoii sa/raHH. fljia SToro 
bkjiiohiim rparoiHHbie ycjiOBHH (2.11) h (2.12) b KimeTiiHecKoe ypaBHemie 
cjie/ryioiHHM o6pa30M: 

dh r 1 

/i— + z h(x, /i) = 2U (x) + \2qU - qh(^0, /i)J (2.13) 
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r^e 8{x) - flejibTa-c^yHKi^HH ^npaxa. BepxHHH 3HaK Mimyc b (2.13) OTBenaeT 
nepBoii sa^ane b nojiynpocTpaHCTBe x > 0, a hhjkhhh 3HaK njiioc - BTopon 
sa^ane b nojiynpocTpaHCTBe x < 0. 



3 KimeTHHecKoe ypaBHeHHe bo btopom h neTBepTOM 
KBa^paHTax 4>a30Boro npocTpaHCTBa 

Peniaa ypaBHeHHe (2.13) npn x > 0, fi < 0, CHHTaa sa^aHHbiM MaccoByio 
CKopocTb U (x), nojiynaeM, ynpBjieTBopsra rpaHHHHbiM ycjiOBH^M, cjieflyromee 
penieHHe: 

+oo 

h+( x ,/i) = --eM-—) f exp(+—)2U(t)dt. (3.1) 

X 

AHajiorHHHO npn x < 0, fi > HaxcflHM: 

x 

hT(x,fj) = -exp(-—) [ exp(+—)2U(t)dt. (3.2) 



— oo 



Tenepb ypaBHeHHe (2.13) mco-kho nepenncaTb, 3aivieHHB BTopofi HjieH b 
KBaflpaTHofi CKo6Ke H3 (2.13) corjiacHO (3.1) h (3.2), b BH^e: 

dh r i 

Ai— + zoh(x, ii) = 2U(x) + \fi\ \2qU - qh^O, /i)J 5{x). (3.3) 

B ypaBHeHHH (3.3) rpaHHHHbie 3HaneHH5i /i ± (0,^i) Bbipa^KaiOTCH nepe3 
MaccoByio CKopocTb: 

±oo 

/^(O,//) = --e~ ZoX ^ [ e Zot ^2U{t)dt = h(±0 : fi). 

H> J 
o 

PenieHHe ypaBHeHHH (3.3) HmeM b BH^e HHTerp ajiOB Oypbe: 



oo oo 



2U(x) = ^- [ e lkx E{k)dk, S(x) = ^- [ e lkx dk, (3.4) 
2tt I 2tt I 



— 00 —oo 
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oo 



h(x,fj) = ^- [ e lkx <P(k,ii)dk. (3.5) 

27T J 



-oo 



IlpH 3tom (pymajira pacnpeflejieHM h + (x,fi) Bbipa>KaeTC5i Hepe3 cneK- 
TpajibHyio njiOTHOCTb E(k) MaccoBoft ckopocth cjie^yiomHM o6pa30M: 



+00 +00 



h+( x , /i) = --exp(-zo-) [ exp(+— )dt^- [ e ikt E(k, fi) dk = 
H \i J n 2n J 



x —00 
00 

1 f e lkx E(k,ii) dk 



2tt J zq + ikfi 



—00 



AHajiorHHHO, 



TaKHM o6pa30M, 



00 

1 r e lkx E(k,/i) dk 
2tt J zq + ikfi 



00 



—00 



4 XapaKTepncTHHecKaa CHCTeMa 

Tenepb no^CTaBHM HHTerpajibi Oypbe (3.5) h (3.4), a TaioKe paBeHCTBO (3.6) 
b ypaBHemie (3.3) h onpe^ejieHHe cpyHKi^Hii U(x) (cm. (2.10)). IlojiyHaeM 
xapaKTepncTHHecKyio ciiereMy ypaBHeHnii: 



$(h, fi)(z + ikfi) = E(k) + \fi\ 



2quo - — / — — — 

2tt J zq + ikifi. 



(3.1) 



— OO 



00 

E(k) = -±=J e- t2 $(k, 



t)dt. 



(3.2) 



—00 
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H3 ypaBHeHHH (3.1) Bbipa3HM /i) h noflCTaBHM b (3.2). riojiynaeM 
xapaKTepncTHHecKoe ypaBHeHHe: 



oo oo 

-t 2 ' 



E (k)m = Wl(fc ) - ^ / / {zo ^ +m (3-3) 



-oo 



S^ecb 

T n (/c) = — / — — , 71 = 1,2,..-, L(k) = l 



— oo — oo 

HeTpyflHO BH^eTb, hto 

oo oo „ oo „ 

1 f f2 , 1 f e- f dt 1 f e~ l i(kt-u)dt 
L(k) = —= \ e~ l dt-—= \ — = -= / i —r — • 

a/TT J V7T J Zo + ikt J Z + lkt 

— oo — oo — oo 

Kpoivie Toro, BHyrpeHHHH HHTerpaji b (3.3) o6o3HaHHM: 

oo 



J(/c, fcj 



7 (^o + ikt)(zo + M) 



3aivieTHM, hto J(fc, 0) = Xi(fc), J(0, &i) = Ji(fci). IlepenHnieM Tenepb 
ypaBHeHHe (3.3) c noMombio npeflbiflymero paBeHCTBa b cjieflyiomeM BH^e: 

00 

E(k)L(k) + — [ J(k,k 1 )E{k 1 )dk 1 = 2qU T 1 {k). (3.4) 
2tt y 



-oo 



YpaBHeHHe (3.4) - HHTerpajibHoe ypaBHeHHe Ope^rojibMa BToporo po^a. 
Yxa^KeM Ha CB5i3b Me^^y (pyHKHHeft L(k) h flHcnepcHOHHoft cpyHKHHeii 
A(z) [17]— [IS]. IlpeflCTaBHM cpyHKHino b BH^e: 

oo 2 

y/nik J t — 2 ' ife 

— oo 

Toiyja 

L(fc) = 1 + 



z f e~ t2 dt _ X(z) 

- iUi) J t - Z Zq 



-oo 
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5 Pa^bi HeHMaHa 



Pa3Jio>KHM peniemie xapaKTepHCTHHecKoii CHCTeMbi ypaBHeHHH (3.4) h 
(3.1) b p^flbi no CTeneiMM KOScpcpHHiieHTa flncpcpysHOCTH q: 

E(k) = 2U q[E (k) + q E x (k) + q 2 E 2 (k) + •••], (4.1) 

//) = 2t/ g[$o(^, M) + Q + 9 2 ^ M) + • • • ]■ (4-2) 

lloflCTaBHM psiflbi (4.1) ii (4.2) b ypaBHeHHH (3.4) h (3.1). llojiyHaeM, hto 

Eo(k) + ^i(/c) + q 2 E 2 (k) + •••+] L(k) = 



oo 



+ ••• + 



y j^/co^o^o+^i^o+^^i) 

— oo 

$o(h, n)+q /i) + q 2 $ 2 (k, //) + ••• (^o + = 



dfci, (4.3) 



E (/c) + ^ 1 (/ l :) + g 2 J E; 2 (A:) + 



+ 



+ M - ^ / 

27T J Z + ZKi/Z 

— oo 



(4.4) 



llpHpaBHHBaH K03(p(pHH,HeHTbI B JieBOH H npaBC-ii HaCTHX ypaBHeHHH (4.3) 

h (4.4) npn o^HHaKOBbix CTeneHHx nojiynaeM CHCTeMy 3auenjieHHbix ypaB- 
HeHHH. Ilpn q° nojiynaeM: 



E (k)L(k) = T 1 (k), 
$o(h, n)(z + ikji) = E (k) + 



(4.5) 
(4.6) 



llpn q nojiynaeivi: 



oo 



E 1 (k)L(k) = ~ J JfckjEoikJdk!, 



— oo 



$ 1 (k,fJL)(zo + iktJL)=E 1 (k)-\tJL\^ J 



1 f E Q {ki)dki 
zq + ikifi 



(4.7) 



(4.8) 



— OO 
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ripii q 2 nojiynaeM: 



oo 



E 2 (k)L(k) = -^ J J^k^E^dh,-- 



— oo 



§ 2 (k,v)(zQ + ikv)=E 2 (k)-\v\^ J 
ripii q n nojiynaeM: 



1 f Exik^dki 
zq + ik\ji 



oo 



-oo 



$n(k, fj)(zo + ikji) = E n {k) - Mt^; y 



1 /" E n _i(ki)dki 

Zq + Z/Ci// 



-oo 



(4.9) 



(4.10) 



E n (k)L(k) = ~ J J(kM)E^-i{k{)dk u (4.11) 



(4.12) 



MaccoByio CKopocTb [/ (x) h (pymajHio pacnpeflejieHHH TaKJKe pa3Jio>KHM 
b p^flbi no CTeneH^M 



£/(z) = q u U (x) + g^i(ar) + q 2 U 2 (x) + 



(4.13) 



/i(x, n) = qU h (x, /i) + qhi(x, ji) + q 2 h 2 (x, ji) + 



(4.14) 



6 IlocTpoeHHe pa^OB HeitMaHa 



6.1 HyjieBoe npH6jiH^ceHHe 

H3 (popiviyjibi (4.2) fljia HyjieBoro npii6jiH>KeHH5i HaxofliiM: 

BMfc) = 5f . (5.1) 
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HyjieBoe npn6jiH>KeHHe MaccoBoii CKopocTH Ha ocHOBamiii (4.1), (3.4) h 
(4.13) paBHo: 



oo oo 



U<®{x) = qUoUo(x) = qU ^ J e lkx E (k)dk = qU ^ J e^^^dk. 

(5.2) 



-oo — oo 



CorjiacHO (4.6) HaxoflHM: 

E {k) + \n\ 



zq + ikfi 

h, cjie^OBaTejiBHO, HyjieBoe npiiGjiioKeHiie (pyHKi^im pacnpe^ejieHiia h(x, /j) 
Ha ocHOBaHHH (3.5) h (4.14) paBHo: 



oo 



7T J Z + ikjl 



— oo 



6.2 IlepBoe npnGjinxceHHe 



nepeftfleM k nepBOMy iiph6jih>kghhio . B nepBOM npii6jiH>KeHHH H3 ypaB- 

H6HIM (4.7) HaXOflHM: 

oo 

ft « = -dw / w ri( * J *" 

— oo 

a H3 ypaBHeHHH (4.8) nojiynaeM: 

1 



+ ikjl 



Ei(k) 



ji\ f Eo(k\)dki 



J 



2tt J zq + ikifi 



-oo 



llepBaa nonpaBKa k HyjieBOMy npii6jiii>KeHHK) MaccoBoii ckopocth paBHa: 



oo 



oo . oo 



— OO 



— oo 



— oo 
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a k (pyHKin™ pacnpeflejieHHH TaKOBa: 

oo oc 

hi(x,fi) = — J e lkx $i{k, /i)dk = - J 



D ikx 



X 



-oo 



X 



oo 



2nL(k) 



J{k,k 1 )E Q {k l )dk l 



— oo 



zq + ikfi 

X) 

J/i[ /" E (ki)dki 

27T J Zq + Z/Ci/U 

— oo 



MTaK, b jiHHeiiHOM npii6jin>KeHiiii MaccoBaa ckopoctb BBinncji5ieTC5i no 
(popiviyjie 



oo 



1 



— oo 



£/(*) = gC/ [^)+^i(x)] = qU 
a (pyHKi],HH pacnpe^ejieiiira - no cpopMyjie 
h(x, (i) = qUo 



oo 

/ Akx 



o f e lkx E Q (k)dk+^ I e^E^dk 



— oo 



oo 



i / e lkx ^ (k,ii)dk + - [ ^!(k,ii)dk 



-oo 



-oo 



6.3 BTopoe h BbicniHe npH6jiH^ceHHa 

H3 ypaBHGHHH (4.9) ii (4.10) nojiynaeM: 

1 



oo 



#2(*0 = 



— oo 



oo oo 



(2^ 




2llL(k) 

J(k, h)J(k h k 2 



J{k,k l )E l {ki)dki = 



-Ti{k,2)dk\dk2, 



-oo — oo 



1 



+ ikfi 



oo 



_M / Si(fci)dfci 

27T 7 + 



-oo 



Ife ypaBHGHiiii (4.11) h (4.12) nojiynaeM: 



B„(fc) = 



1)' 



OO oo 



(27r)"L(fc) 



J(fc, fci) J(fci, fc 2 ) • • -jJikn-h k n ) 
L(fci)L(fo) ■ ■ ■ L(k n ) 



T\(k n )dki ■ • ■ dk r 



— oo — oo 
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1 



zq + ik/i 



OO 



E H (k) - M / 



/i| / E n _i{ki)dki 

Zq + i/CiyU 



-oo 



Ha ocHOBaHHH flByx nocjieflHiix (popiviyji 3aKjiK)HaeM, hto pHflbi (4.13) ii 
(4.14) fljia MaccoBoii CKopocTH ii cpyHKii,iiii pacnpe^ejieiiira cooTBeTCTBeHHO 
nocTpoeHbi. 



6.4 AHajiH3 peineHHa b npe^ejibHOM cnynae 6oji£>ihhx nacTOT 

PaccMOTpHM nojiyHeHHoe penieHHe BTopoii sa^a^ii CTOKca b cjiy^iae 6ojib- 
hiiix HacTOT KOJie6aHiiii orpaiiiiHiiBaiomeii ra3 njiaeniHbi: uj\ ^> 1; Tor^a 
zq ~ —iuj\. B 3tom cjiyHae L(k) ~ 1. llosTOMy, MeH5i5i nopsiflOK iiHTerpiipo- 
BaHira b cpopMyne (5.2), iiMeeivi: 

00 oo 

U {0 \x) _ q [ eikxdk _l f e~*tdt _ 



Uq 2tt J y/n J zq + ikt 

— oo — oo 

oo oo 

q f _ t 2 . f e lkx dk 



e 



"* tdt 



27r v / 7T J J Zq + z'H 

— oo — oo 

BbiHiicjiiiM BHyTpeHHHii HHTerpaji: 

oo ( e -xzo/t 

1 f e tkx dk e i/ca; | , £ > 0, 

= Res — = < it 



2m J Zq + z'H k=iz /t Zq + z'H | q f < Q 

Cjie^OBaTejibHO, b HyjieBOM npii6jiii>KeHiiii ^jra nojiy^aeM: 

oo 





H3 (popMyjibi (5.3) cjie^yeT, hto fljiH CKopocTii ra3a Ha noBepxHoerii ko- 
jie6jnoni,eiiC5i njiocKOCTH cnpaBe/yiiiBa cpopMyna: 



%(0) = 9y 
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CKopocTb ra3a npe^CTaBHM b BH^e u y (x) = uqw v (x), iyje w y (x) - HopMii- 
poBaHHaa Ha aMiuiHTyny uq CKopocTb ra3a b nojiynpocTpaHCTBe x > 0. Ha 
piic. 1 h 2 H3o6pa3HM 3aBHCHMOCTb HopMiipoBaHHOH CKopocTH ra3a w y (x): 



30 



w y (x) = Re 



Q 



exp 



t 2 + i—)dt 

t / 



7 3aKjiK>HeHHe 

B HacToameft pa6oTe penieHa BTopaa sa^ana CTOKca Kax nanynpocTpaH- 
CTBeHHaa rpaHHHHaa sa^ana KHHeTHHecKoft Teopiiii c 3epKajibHO - fliicpcpys- 

HblMII rpaHHHHblMH yCJIOBHHMH. B OCHOBe MeTO^a Jie>KHT HfleH npOflOJIJKHTb 

(pyHKu,Hio pacnpeflejieHHH b conp5DKeHHoe nojiynpocTpaHCTBO x < h bkjikd- 
HHTb b KHHeTHnecKoe ypaBHeHHe rpaHHHHoe ycjiOBiie b BH^e HjieHa Tuna 
HCTOHHHKa. C notviombio npeo6pa30BaHH5i Oypbe KHHeTHnecKoe ypaBHeHHe 
CBOflHM k xapaKTepncTHHecKOMy HHTerpajibHOMy ypaBHeHHio Ope^rojibMa 
BToporo pofla, KOTopoe peniaeM MeTO^OM nocneflOBaTejibHbix npH6jiH>KeHHH. 
fljra SToro pa3JiaraeM b p^flbi no CTeneHHM KOScpcpHuneHTa ^ncpcpysHOCTH 
(pyHKUHio pacnpe^ejieHHH h MaccoByio CKopocTb. n o^CTaB jihh sth pa3Jio- 
>KeHHH b xapaKTepncTHHecKoe ypaBHeHHe h npiipaBHHBasi KOScpcpiiuHeHTbi 
npn o^HHaKOBbix CTeneH^x KOScpcpimHeHTa fliicpcpysHOCTii, nojiynaeM cneT- 
Hyio CHCTeMy 3an,enjieHHbix ypaBHeHHft, 113 KOTopbix Haxo^HM Bee Koscpcpimii- 
eHTbi hckommx pa3Jio>KeHHH. B pa6oTe [2H] na npHMepe KjiaccHnecKoft saflann 
Kpaiviepca noKa3aHa 3(pcpeKTHBHOCTb npiiMeiraeMoro MeTOfla. 



Phc. 1: HopMiipoBaimaH CKopocTb ra3a b HyjieBOM npnGjiii JKeroiii , KpHBbie 1 11 2 OTBenaioT 

3HaHeHHHM 6e3pa3MepHOH HaCTOTbl Wi = 5 H Wi = 6. 




Phc. 2: HopMiipoBaimaH CKopocTb ra3a b HyjieBOM npnGjiii JKeHiiii , KpHBbie 1,2 n 3 OTBenaioT 

3HaHeHHHM KOBCpCpimiieHTa aKKOMOflaiUlH q= 1,0.5,0.2. 
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